ABSTRACT
INTRODUCTION
Every 40 seconds, someone in the United States has a stroke [1] . For every 1,000 children born in the US, 2.8 youngsters have cerebral palsy [2] . The impact of these and other neurological pathologies-such as spinal cord injury, multiple sclerosis, Parkinson-on walking is significant and locomotor capacity is a critical factor in determining an individual's degree of disability and potential for falling. Physical and occupational therapy are the standard of care to educate the individual on how to compensate for his/her impairment and how to ameliorate or regain walking abilities. Recovery is a slow process with significant demands on the therapist. We introduced a paradigm shift in 1989 when we started the development of the MIT-Manus [3] . The goal was to provide robotic tools to facilitate and increase the productivity of clinicians while optimizing the potential for patients to recover.
Regarding gait therapy, the most common mechanical device used is the treadmill since it offers repetitive movements that can improve muscular strength, aerobic capacity, and movement coordination [4] . In most cases, the treadmill is used in conjunction with a body weight support that has been shown to improve gait and lower-limb motor function in patients with gait disorders [5] , [6] . Such repetitive practice in task-oriented fashion has been proved to lessen disability of lower limbs and improve walking. More specifically, body weight-supported treadmill training (BWSTT) for hemiparetic stroke patients has been shown to improve balance, lower-limb motor recovery, walking speed, endurance, and other important gait characteristics such as symmetry and stride length [7] .
However, BWSTT requires a therapist to monitor and manipulate the pelvis in addition to one or two therapists needed to propel the leg(s) forward. Robotic devices were built in an attempt to automate the therapy process further. While several robotic devices already exist (e.g., MIT's Anklebot [8] , KineAssist [9] , Haptic Walker, G-EO, UC Irvine's Pam and Pogo [10] , Lopes [11] , Motorika/Healthsouth Autoambulator), presently only two devices have been used extensively with more than 20 patients with published outcomes, namely the Gait Trainer I and the Lokomat. Gait Trainer I is an end-effector based robot with quick set-up time, incorporating both an adjustable Body Weight Support (BWS) and sliding foot plates that are secured to the patient's feet [12] . While it minimizes the number of therapists to only one needed to manipulate the knee, the planar sliding motion reproduces the kinematic of gait but it does not reproduce heel-strike. The Gait Trainer I was tested in a large multi-site RCT, DEGAS study, with positive results [12] . The Lokomat system is an exoskeletal device. It includes a treadmill, adjustable and active BWS (newest generation) designed to provide a constant level of support throughout the gait cycle, and a robotic orthosis with four degrees of freedom, actuating left and right knee and hip joints [13] . This device attempts to replicate the kinematics of an unimpaired subject. It does not incorporate any means to promote weight shifting from one leg to the other, hence requiring the use of the body-weight system to unload the legs and facilitate propulsion of the leg forward. It also forces the ankle to be always in a dorsiflexed position. Although there were some positive pilot results using the Lokomat [14] , more recent studies found that Lokomat training had no advantage compared to conventional therapy [15] , [7] . Because of the much higher intensity of training in the Lokomat group, we interpreted this result as an indication that the Lokomat kinematic experience might not be affording the proper neurological stimulus.
Previous studies have shown that the spinal locomotor pools, which include a central pattern generator for activity of automatic, alternating flexor, and extensor leg muscles, are highly responsive to phasic segmental sensory inputs and show evidence of learning during step training [16] . Therefore, providing the appropriate sensory input to the patient is very critical. More specifically, at the transition between the stance and swing phase, i.e., the heel-strike and the toe-off, the appropriate stimulation from the environment is shown to be critical. However, most of the previous robotic devices used for gait therapy do not distinguish those events, imposing rigid or non-controlled interaction of the patient's foot with the treadmill. In this way, the required sensory input is not provided to the user, and the benefit of central pattern generators being responsive to those inputs is not exploited.
We have recently introduced to the clinic the MITSkywalker [17] . This novel rehabilitation robot is unique and distinct from any other existing rehabilitation robotic devices for gait. It delivers safe and efficacious gait therapy inspired by the concept of passive walkers [18] . Contrary to the kinematic-based gait robots, the MIT-Skywalker creates the required ground clearance for swing while exploiting gravity to assist during leg propulsion. Preliminary tests with a mannequin and unimpaired subjects, using a camera-based closed loop control architecture, demonstrated the MIT-Skywalker's ability to allow gait therapy without restricting the movement to a rigid kinematic profile, thereby providing ecological heel-strike and hip-extension and maximizing patient participation during therapy. Moreover, since the working principle is based on the dynamics of the leg, it doesn't require any mechanism attached on the patient's leg, maximizing safety and minimizing significantly the time for donon and -off.
In this paper, an impedance-based controller is introduced in order to regulate the patient's leg and treadmill interaction during heel-strike, toe-off, as well as the duration of the stance phase. Controlling the impact of the leg with the treadmill during heelstrike provides the patient with the appropriate sensory feedback, while it prevents high-torque development at leg joints and inappropriate leg configuration that can result in patient injury. Moreover, the leg trajectory imposed by the treadmill during the stance phase and at toe-off is controlled with an impedance controller, which regulates the interaction between the leg and the treadmill at the vertical axis of treadmill motion. Simulation results demonstrated the feasibility of the impedance-based control scheme, and we should initiate pilot clinical trials shortly
DESCRIPTION OF THE MIT-SKYWALKER
In conventional gait physiotherapy, the therapist pushes or slides the patient's swing leg forward, either on the ground or on a treadmill. In the kinematically-based robot-assisted gait therapy, the leg is propelled by either the robot orthosis acting on the patient's leg (in Lokomat), or foot plates attached on the patient's foot (in Gait Trainer I). Instead of lifting the patient's leg manually or mechanically, we achieve forward propulsion in the MIT-Skywalker by lowering the walking surface. This provides both swing clearance and takes advantage of dynamics and gravity to propel the leg forward while allowing proper neural inputs for hip extension and ecological heel strike. Figure 1 illustrates those phases.
It must be noted that the replication of the exact gait kinematics is not required in the MIT-Skywalker. For example, during the swing phase the leg behaves as a free double pendulum, not accommodating significant knee flexion, as in normal gait. However, it has been shown in previous studies with stroke patients using the Lokomat system [14] , that the replication of natural gait kinematics is not effective [15] , [7] . The MIT-Skywalker will allow for evidence-based therapy engaging the dynamics of the leg without imposing rigid kinematics patterns of normal gait.
Our alpha-prototype was built in order to accommodate foot clearance for patients in the range of the 99th percentile adult male and the 1st percentile adult female. It includes a bodyweight support system, since many patients are not able to support their weight on the impaired leg(s) or they may need assistance maintaining balance. This system provides enough support to unload up to 100% of the patient's weight and keep the pa- tient safe from falls, yet not interfere with the required ranges of leg motion. While kinematically-based devices employ overhead full-body harnesses, we designed a system to afford fast don-on and -off. It consists of a simple chest harness providing stabilization for the upper body and a saddle-like seat for body-weight support. More details on the hardware architecture and characteristics of the MIT-Skywalker can be found elsewhere [17] . Moreover, the MIT-Skywalker must provide a stable walking surface that is parallel to the ground, allow adequate clearance for the patient's leg to swing without knee flexion, and return to the horizontal plane in time for the heel strike of the next stride, as shown in Fig. 1 . The walking surface for each leg is a treadmill, which stays horizontal during the stance phase and may be lowered to provide swing clearance to the impaired leg. The alphaprototype includes a split treadmill system and a cam to lower the tracks as shown in Fig. 2 . The cam system for lowering each treadmill is depicted in Fig. 3 . Finally, the cam is actuated by a brushless motor coupled with a gearbox (gear ratio 20:1). The motor is controlled in real-time in torque. The velocity of the motor actuating the treadmill is also controlled in real-time.
The cam profile characteristics were appropriately defined so that the treadmill was lowered enough to provide the required clearance for the swing of the leg. Moreover, the treadmill should be raised on time for the heel-strike to occur. Therefore, given the maximum speed of the motor used for actuating the cam and the duration of the swing phase for walking speeds usually found in gait therapy (1 -1.5 miles per hour), the profile specifications of the cam were defined. In order to provide smooth treadmill acceleration during lowering and rising, a 3rd order polynomial Fig. 4a , while Table 1 lists the specifications taken into consideration for the design of the cam profile. The computed profile of the cam was replicated three times, as shown in Fig. 4b , to allow for future applications with greater walking speeds. The control of the cam system is key in providing the required swing clearance for the patient's leg and ecological hipextension and heel-strike. Although we can probe the state of the device, we required feedback of the patient's leg so as to control the treadmill speed and cam system. For this reason, we experimented with a simple camera-based motion tracking technique. It provides both flexibility and safety for the patient, requiring no sensors mounted on the patient's leg except for a small, easyto-place marker. The marker is red-colored and has the shape of a circle with an approximate radius of 20mm, and is placed on the heel side (sides of the calcaneus bone) of each leg. Low-cost cameras (Logitech Webcam Pro 900, Logitech Inc.) are placed at each side of the device. The range of motion of the heel in the sagittal plane during normal walking (approx. 130 cm in the horizontal axis and 50 cm in the vertical axis [19] ), along with the angle of view of the camera (approx. 60 • ), resulted in a camera positioning distance from the tracked marker of 110 cm. The camera is providing high-resolution, colored images at the frequency of 30 Hz, which is adequate for the timing requirements of the control of the treadmill vertical motion during normal walking. The setup with the cameras and the markers is depicted in Fig. 5 , while details on the camera-based controller can be found in [20] . Finally, it must be noted that the present system with the cam requires almost 0.5m from the floor to afford the necessary clearance to lower the treadmill. We are investigating alternative approaches to reduce this height.
Impedance-Based Control Architecture
An impedance-based control architecture was developed for the monitoring and control of the interaction between the leg and the treadmill. This consisted of two main parts: the planner and the impedance controller. The planner essentially defines the impedance characteristics of the cam-actuated treadmill based on the position of the leg of the patient during the gait cycle. Having the desired impedance characteristics defined, a controller was designed for actuating the cam in order to exert the desired forces at the leg.
Planning Algorithm: The planning algorithm was used to define the impedance characteristics of the treadmill, based on the phase of the gait the leg is at. Therefore, three distinct phases/events were defined:
(1) The heel-strike: it occurs at the end of the swing phase, as soon as the heel of the leg reaches the treadmill horizontal level. At the heel-strike, the desired impedance of the treadmill is characterized as high. This is to provide the appropriate feedback to the patient that the foot has landed. The virtual (desired) position of the heel is defined at the horizontal axis of the treadmill, at a point that is computed online, based on the achieved stride length of the leg. In other words, as soon as the heel is ready to land on the treadmill, the virtual point is placed at the projection of the pre-landing heel position at the treadmill level. Let P h be the virtual point at heel-strike, with coordinates x h y h T .
(2) The stance phase: it lasts from the heel-strike to the toe-off phase, during which the leg travels to the back end of the treadmill preparing for the toe-off phase. During the stance phase, the virtual (desired) trajectory is generated using the heel-strike position and the desired toe-off position as initial and final points respectively. The trajectory at the x axis is generated by a linear equation given by:
where x s (t) is the trajectory component in the x axis as a function of time t, and γ is a velocity component that defines the desired leg velocity along the x axis given by:
where |s| is the desired stride length, s < 0, and t f the desired time for this stride, where t = 0 at heel-strike. The trajectory at y axis is generated by a 4 th order polynomial equation given by:
where y s (t) is the trajectory component in the y axis as a function of time t, while the parameters a 0 , a 1 , a 2 , a 3 , a 4 are computed using the following boundary conditions:
where y t is the coordinate of the toe-off point at the y axis, and y s 0 is the lowest coordinate of the heel at mid-stance. The choice of the order of polynomial was done based on the available number of boundary conditions 4. Note that a nonzero value forẏ s (0) andẏ s (t f ) could be selected to augment the sensory information during landing and we will investigate such modifications during clinical testing. Values for the duration of stance phase are estimated using the current walking speed and approximations for normal gait patterns based on the literature [19] . Moreover, the lowest point during mid-stance is based on measurements of typical pelvis vertical motion during ground walking reported in the literature [21] . Since pelvic motion is not fully accommodated by the MIT-Skywalker, the desired leg profile is constructed by mirroring the pelvis motion at the level of the treadmill. In other words, the pelvis motion during normal gait, which is not accommodated by the MIT-Skywalker, is transferred to the treadmill in order to mimic as much as possible natural gait kinematics. Finally the parameters a 0 , a 1 , a 2 , a 3 , a 4 are given by:
(3) The toe-off: it occurs after the heel has left the treadmill level and the leg is ready to swing forward. The heel is at the far most point at the horizontal axis. Let P t be the virtual point at toe-off, with coordinates x t y t T , which are defined in order to provide the required initial conditions for the free leg swing phase.
The phases/events along with the desired virtual trajectories are shown in Fig. 6 .
Impedance Controller: An impedance controller was designed to command the vertical motion of the treadmill. Only the motion of the leg at the sagittal plane is considered. The ankle joint is considered fixed and at neural position. This is a practice that was also followed in the experiments with unimpaired subjects, in order to simulate the prevention of drop-foot and allow the treadmill to provide the necessary swing clearance [20] . Lastly, it is assumed in our design that the leg is completely passive, i.e., there is no voluntarily actuated torque at the leg joints.
The leg is modeled as a 2 degrees-of-freedom mechanism, as shown in Fig. 7a . Leg dynamics are described by the following equation
where q = q 1 q 2 T ,q,q are the angular position, velocity and acceleration vectors, q 1 , q 2 the hip and knee joint angles respectively as shown in Fig. 7a , M (q), C (q,q) are the inertia and Coriolis-centrifugal matrices, and G (q) the gravity vector. The leg is assumed completely passive; therefore no actuating torques are included. In addition, friction and stiffness phenomena are omitted for simplicity. When the leg is in contact with the treadmill, the latter is exerting force to the leg at the contact point. Let F f = F x f F y f T be the force exerted to the leg contact point when the treadmill is in horizontal position. In the general case where the treadmill is inclined with respect to the horizontal axis for an angle ϕ (see Fig. 7b ), the force exerted to the leg is given by:
where F t = F x t F y t T is the force exerted by the treadmill, defined with respect to the treadmill reference system X t ,Y t . Eq. (6), including the treadmill-exerted force, can be rewritten in Cartesian space as follows:
where x is the position of the leg-treadmill contact point at the Cartesian space, and
where J (q) is the Jacobian matrix relating joint and Cartesian coordinates. It must be noted that since the contact point between the leg and the treadmill varies during the leg-treadmill interaction, two distinct cases were considered for simplicity. During heel-strike and the stance phase, the contact point is considered as being the heel, while at the last part of the stance phase and at toe-off, the toes are considered as the contact point. Let x 0 = x 0 y 0 T be the virtual (i.e. desired) point at the Cartesian space, as it was defined by the planning algorithm analyzed above, i.e.
T , during stance phase x t y t T , at toe − off (10) while the continuity and smoothness of the switching planning scheme were guaranteed through the boundary conditions defined in 4. Then, the proposed control law is given by:
where
is the error between the virtual (desired) and the actual contact point position. It must be noted that the introduction ofẍ 0 in 11 is used to compensate for the leg's inertia dynamics. With the proper selection of the profile ofẍ 0 , the closed-loop system behaves as a second-order system, whose behavior is controlled and bounded from the proposed controller in 11. The application of this controller results to the closed-loop dynamic equation, i.e.
Therefore, by the proper selection of the gain matrices B x , K x , which essentially define the poles of the closed-loop system, the latter's stability is guaranteed. What is more, these gain matrices essentially describe the overall treadmill impedance. Finally it must be noted that since the subject's leg is modeled as a two-link two-degrees-of-freedom mechanism, both joint angles (i.e., hip and knee flexion-extension) are controllable using the proposed controller.
The remaining issue then is how to control the treadmill in order to exert the desired forces computed by the proposed control law, given by:
Based on the assumption that the friction forces at the treadmill tape and the gravitational forces exerted from the leg to the treadmill are both constant and that there is no slippage of the leg when it is in contact with the treadmill, the horizontal force F x t at the treadmill reference system is directly controlled by the treadmill velocity. Consequently, if ω 1 is the velocity of the motor actuating the treadmill and it can be controlled from the voltage commanded to this motor, then the horizontal force at the treadmill reference system is given by:
where k is a constant representing combined mechanical and geometrical factors involved in relating the motor speed and the applied force. This constant can be estimated using the motor specifications, geometric characteristics of the transmission mechanisms and estimation of friction forces at the treadmill belt. The vertical force F y t at the treadmill reference system is given by the following equation, assuming no friction at the follower (see Fig.  8 ):
where ω 2 is the rotational velocity of the cam, τ is the applied torque at the cam, and y the follower vertical displacement due to the cam profile, where y = 0 when the treadmill is at horizontal position. Let θ be the angular position of the cam with respect to its axis of rotation, andθ = ω 2 . Let
where f is a continuous differentiable function that relates the vertical displacement of the follower with the angular position of the cam. This function can be easily computed from the cam profile design, since it describes the cam profile in polar coordinates. Details of the derivation of the function f are out of the scope of this paper. Then from (16) , (17) we can compute the torque to be commanded at the motor actuating the cam, given the desired vertical force F y t , by the following equation:
Lastly, the desired impedance characteristics of the treadmill at each phase/event can be controlled through the assigned values for the matrices B x , K x in (11). This is done again distinctively for each case, as shown below.
during stance phase B x t , at toe − off
at toe − off (19) where
We selected a larger impedance value during the impact of the leg to the treadmill than during the stance and toe-off phase because the heelstrike sensory feedback might be an important cue for retraining gait. During stance phase, the impedance should be smaller to allow the treadmill to comply with possible deviations from the desired trajectory. At toe-off, the treadmill should be primarily elastic, in order to help the leg to acquire the necessary initial conditions for the initiation of the swing phase.
SIMULATION RESULTS
The controller was tested in simulation using the parameters listed in Table 2 . The desired (virtual) trajectory was simulated by a 4 th order polynomial. The results of the leg tracking the trajectory are shown in Fig. 9a . The diagonal values of the gain matrices used are listed in Table 2 . It must be noted that the same gains were used for both axes; therefore only one value is reported in Table 2 .
In order to test the robustness of the method, we simulated muscle activation at the leg by input disturbance torque at both hip and knee joints. These can be assumed to be some of the responses generated by the patient in cases where the leg is not completely passive. The results of the leg tracking in the case where a torque disturbance is active for three short periods during stance are shown in Fig. 9b . The impedance characteristics were the same as in the previous case where the leg was considered completely passive. Differences in deviations from the virtual (desired) trajectory in those three instances are due to different forces exerted from the subject's leg to the treadmill in Cartesian space, since input disturbance was introduced in joint space, and the leg configuration differs among the three instances. These torque disturbances can also simulate inaccurate assumptions for leg dynamics for which parameter values are needed for the proposed controller as defined in (11). The arrow shows the direction of motion. The leg is initially positioned lower than the desired point at heel-strike.
CONCLUSIONS AND DISCUSSION
As robot-assisted gait therapy is increasingly gaining acceptance at rehabilitation centers, the MIT-Skywalker may prove to be the most effective and low-cost gait rehabilitation device. The fast don and doff alongside its dynamic principle and ecological intervention may place this novel device apart from the existing kinematically-based rehabilitation devices. As a final point, the proposed impedance-based control scheme may prove very efficient in delivering the desired sensory input to the patient, which would aid in his/her regaining lower limb control and walking ability.
We will be deploying the MIT-Skywalker to the clinic shortly and it will include many other features for promoting active participation of the patient.
